Rainfall simulators have heen used more than 50 years to evaluate hydrologic parameters. The generated runoff hydrograph is a continuous integration of all factors that affect runoff flow. The complexity and interaction of site factors on runoff and infdtration processes makes it diicult to identify a single component of the hydrograph that accurately characterizes the entire runoff event. A technique was developed to separate the runoff hydrograph into segments representative of different portions of the flow event. Each segment grouping is analyzed for treatment and/or site factor differences or influences on the runoff. Comparing the treatment or site impacts on each hydrograph component allows a more detailed interpretation of the runoff and infdtration processes. This approach to runoff hydrograph analysis makes it possible to quantitatively assess differences in rainfall simulator runoff results and provide insight into why hydrographs may he simiir or different.
Background
Runoff rates from simulation plots can be determined by point volumetric measurements at periodic intervals, recording volume changes with time in a calibrated tank, or using small flumes or weirs equipped with water stage recorders or more recently, electronic data loggers. These data are used to create the runoff hydrographs.
Past data analysis of runoff hydrographs have usually used one of the following techniques:
1.
2.
Ratio of total runoff volume to total water applied (Rauzi and Hanson 1966) . Ratio of runoff rate to water application rate at some arbitrary time following runoff initiation (Simanton et al. 1991 , Warren et al. 1986b , at several specific times during the runoff event (Warren et al. 1986a , Thurow et al. 1986 or at some specified time after 30 minutes (Weltz et al. 1989) . It is difficult to compare results of different studies that do not use the same portion of the hydrograph (runoff event) as the critical factor.
There are a limited number of techniques that have been developed for evaluating the entire hydrograph. One technique is the synthetic hydrograph, ie. the unit hydrograph, which is defined as the direct runoff hydrograph resulting from unit depth of excess rainfall produced by a uniform intensity storm of specified duration (Sherman 1932) . Another method is the SCS peak discharge method estimated from the triangular approximation of the hydrograph with linear rising and failing limbs (Pilgrim and Cordery 1993) . Wu et al. (1978) developed a goodness-of-fit test to test differences between hydrographs with simulated rainfall from plots of uniform area. These techniques permit general comparison of treatment effects but they are not suited for interpreting the time related processes that affect the runoff/intihration processes.
Typical problems associated with trying to evaluate a treatment effect without considering the entire hydrograph can be demonstrated using actual runoff hydrographs from 4 plots selected from a series of rainfall simulator studies conducted on semiarid rangelands (Fig. 1 ). These hydrographs are from studies evahtating the effects of long-term cattle grazing native shortgrass rangelands on runoff and infiltration. Study sites were on the Central Plains Experimental Range (CPER) near Nunn, Colo. and on the High Plains Grasslands Research Station (HPGRS) near Cheyenne, Wyo. (Frasier et al. 1995 (Frasier et al. , 1996 . The selected plots were on similar soil types and slopes with similar plant composition and density. A rotating boom rainfall simulator was used to apply water at a nominal rate of 60 mm hrt to 3-X 10-m plots. Water application rate was measured and recorded at 1-min intervals with a 20-cm D raingage equipped with a bubble flow meter. The total water applied to each plot was measured with 6 small plastic raingages located within the plot boundary. Water collection troughs at the lower edge of each plot collected and directed the runoff water through a small critical depth flume. Depth of water flowing through the flumes was measured and recorded at 1-min intervals.
Inspection of the 4 runoff hydrographs (Fig 1) A. Plot 1 has a gradual increase in runoff rate (rising limb) which merges to the equilibrium runoff rate. B. Plot 2 has a rapid increase in the rate of runoff which abruptly changes to the equilibrium runoff rate. C. Plot 3 has an initial rapid increase in rising limb runoff rate which gradually merges with the equilibrium runoff rate. D. Plot 4 has a very rapid rate of increase in the rising limb runoff rate to a peak value followed by a decline in runoff with time.
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Several different conclusions concerning the similarities or differences in runoff among the plots can be derived from the data. If accumulative runoff volume is used as the indicator of treatment performance, then the plots may be different depending upon the time interval used in the evaluation (Table 1) . At 20 minutes into the simulation, total accumulative runoff from plots 1 and 4 is less than from plots 2 and 3. Plot 1 has less accumulative runoff at 4.5 minutes and total than the other 3 plots. These comparisons limit the determination of factors or periods that are most important in the runoff process.
In analyzing rainfall simulator data, one must recognize natural precipitation characteristics that might affect runoff rates and quantities in field settings. What size of storms are most prevalent? What is the most probable storm duration? What are the storm intensities for the most probable storm? To illustrate some of the variability in these factors, selected periods of unpublished rainfall data sets from 2 Agriculutrual Research Service (ARS) locations were analyzed. The data was collected from a research site near Phoenix, Arizona (GR) and from the Central Plains Experimental Range (CPER) near NUM, Colo. The Phoenix, Ariz. data was collected during the summer "monsoon" period (1 May-30 Sep) for the period of 1965 through 1979. The NUM, Colo. data was from 1 April through 30 Ott for 2 years, 1993 and 1995. The rainfall was measured with weighing raingages and recorded on 8 day analog charts. Each raingage chart was analyzed using the breakpoint technique described by Brakensiek et al. 1979 . Any period of 10 to 15 minutes with no discernable change in the raingage trace was considered a break in the storm event.
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OF RANGE MANAGEMENT 51(5), September Despite the differences in the locations of the study sites, several of the rainfall characteristics are remarkedly similar (Fig. 2) . Approximately 50% of the total number of storms had durations of less than 30 min. These short duration storms also represented the highest average storm intensities and were frequently the largest storm sizes. Thus in some situations or locations we should focus on the first 30 min of the rainfall simulator event. This illustrates that some general storm characteristics may aid in the selection of critical component(s) of the rainfall simulator hydrograph for analysis. We believe it is desirable to compare all or at least several of the hydrograph components before arriving at a conclusion as to the differences or similarities in runoff processes among treatments.
Our approach is to separate the hydrograph into segments representing different portions of the flow event. If desired, statistical comparisons of treatment effects can be made for each different part. By independently evaluating each portion of the hydrograph, one may gain insight into which site and/or experiment factors are most impacting the runoff and infiltration processes.
Procedure
Even with the rotating boom simulators, variable rates of water supply and wind factors can affect the total water applied to a plot although run times and rainfall intensities are controlled or believed the same (Simanton et al. 1991) . To account for possible differences in water application rate between simulator runs and during a simulator run, the runoff rate (Fig. 1) is adjusted by the water application rate (rain) for each recorded time (Fig. 3) .
The runoff hydrograph is separated into 3 sections, time to runoff initiation, rate of change in runoff during the rising limb, and equilibrium runoff rate. The end points of the segments (rising limb and equilibrium runoff phases) are determined using the break-point approach originally developed for analyzing precipitation data (Brakensiek et al. 1979) . This approach uses an iterative least squares regression analysis and maximizes the coefiicient of determination for the rising limb and equilibrium runoff segments of the hydrograph (Fig. 3) . On simulator studies using multiple rainfall intensities, the hydrographs are separated into additional segments representing the rising and equilibrium stages for each phase (Weltz 1995) .
Results and Discussion
In many rangeland situations the runoff characteristics at the beginning of the storm are the most important (storm durations are too short to develop full equilibrium runoff). For example, how long does it take before runoff occurs (runoff initiation), or how long does it take to reach peak runoff (rising limb runoff rate) are frequently important questions concerning potential water erosion problems.
Initially all the water infiltrates into the soil as it is applied. As the soil wets and becomes saturated the rate of water infiltration declines and eventually excess water ponds in surface depressions. When the smallest surface depressions are filled, runoff starts (runoff initiation). The time to runoff initiation is affected by the number and sizes of the surface depression storages in conjunction with plot slope (increasing the plot slope reduces the relative quantity of water retained in surface depressions). For a time following runoff initiation, runoff rate usually increases rapidly as more of the surface depressions overflow (rising limb of the runoff hydrograph). The rate of change of runoff during the rising limb phase is affected by both infiltration rate and surface features such as depression storage, micro-channel connectivity, surface roughness, plant stem density, and plant species composition. Once all the depressions are filled and overflowing there is a "leveling off' as the runoff rate approaches a steady state. In many instances, the runoff rate gradually increases because of decreasing infiltration with time. The runoff rate during this period is frequently referred to as "equilibrium runoff" even though there may still be minor increases in the runoff rate. This equilibrium runoff is controlled by the soil matrix and soil water potential. Using the runoff regression coefficient during the equilibrium period as a criteria, traditional runoff models would have a positive value of the runoff coefficient (Figs. 3 Plots 1 and 3) . A negative value for the equilibrium runoff coefficient (Figs. 3 Plots 2 and 4) indicates water infiltration increasing with time (runoff decreasing with time) after peak runoff has been achieved. This situation can result from a surface crusting or water repellency that dissipates with time (DeBano 1975 , Savage 1975 .
All of these components of the runoff hydrograph are important in evaluating the impact of treatment or site effects. The 3 hydrograph characteristics, time to runoff initiation, regression coeffrcient of rising limb, and equilibrium runoff factors for the 4 example plots (Fig. 1) are tabulated in Table 1 . Time to runoff initiation on plot 4 was approximately twice as long as on the other 3 plots. The recession coefficient of the rising limb for plot 1 was approximately one half of the other 3 plots. The wession coefficient for the eauilibrium uhase for plot 4 had a significant negative slope. Other characteristics such as time to peak runoff and runoff ratio (%) at 20 and 45 minutes show similar differences among the 4 plots. Even though these plots could be considered similar, based on equilibrium runoff rates (Fig. l) , comparison of different portions of the runoff hydrograph indicate dissimilar runoff relations. The specific plots which are different depends upon the specific characteristic selected (Table 1) .
Another approach in hydrograph analysis is to combine selected characteristics into a single factor that can be compared across plots. Since the initial portion of the rainfall event is an important period in many areas, we propose multiplying the slope of the rising limb of the hydrograph by the ratio of lag in time from the 534 JOURNAL OF RANGE MANAGEMENT W(5), Septemberbeginning of rainfall until runoff starts (defined as time to runoff initiation) divided by the lag in time from the beginning of rainfall to the time at peak runoff (defined as the duration of the rising limb).
Rising Limb Factor = Peak runoff rate X Time to runoff initiation Time to runoff peak Duration of rising limb This factor gives a unique value for each rising limb of the hydrograph. Table 1 shows the computed factors for the 4 hydrographs of Figure 1 . The rising limb factor in combination with the equilibrium runoff regression coefficient provide a unique description of the complete hydrograph with only 2 determinants (multiple rainfall intensity hydrograph will require additional ratios). This analysis of the 4 plots indicate that plot 4 has a different runoff characteristic (rising limb factor 2.24 and equilibrium runoff coefficient -0.47) than the other 3 plots (rising limb factor less than 1 .O and equilibrium runoff coefficient flat to positive slope ).
Applications and Implications
Interaction of micro-topography and vegetation on surface storage capacity is one of the major factors that creates confusion between rainfall simulator results and data from natural rainfall induced runoff. The measured rate of runoff from an area is an integrated resultant of the water applied minus the water retained on the soil and plant surfaces complex and the amount infiltrated into the soil. The effective or apparent infiltration rate on a hillslope for most rangelands is a nonlinear function of rainfall intensity, the distribution and quantity of canopy and ground cover, and soil characteristics.
For many rangeland areas, rainfall consists of bursts of high intensity rainfall followed by reduced rainfall or brief periods of no rainfall and then intense rainfall rates again. During the periods of high intensity rainfall the surface storage areas overtop and runoff is produced. During times of lower rainfall intensity the water stored in surface storage areas infiltrates and must be filled again during the next high rainfall burst. There is no true equilibrium runoff period. This fluctuation in rainfall intensities contributes to the phenomenon of apparent infiltration rate or runoff changing as a function of rainfall intensity (Morin and Kosovsky 1995) . A second cause of changes in apparent infiltration rates is that runoff generated in bare interspaces does not generally flow long distances downslope before it is intercepted by vegetation clumps that can absorb all or a portion of the runoff depending on its infiltration capacity.
This approach to runoff hydrograph analysis makes it possible to quantitatively assess some of the differences in rainfall simulator runoff results and may provide insight into why hydrographs are similar or different and how the results might be applied to natural rainfall events on rangelands.
